Evolution of oxygen deficiency centers (ODCs) on a fused silica surface irradiated using a 355 nm ultraviolet (UV) laser beam in both vacuum and atmospheric conditions was quantitatively studied using photoluminescence and X-ray photoelectron spectroscopy. When the fusedsilica surface was exposed to the UV laser in vacuum, the laser damage threshold was decreased whereas the concentration of the ODCs was increased. For the fuse silica operated under the high power lasers, creation of ODCs on their surface resulted from the UV laser irradiation, and this is more severe in a high vacuum. The laser fluence and/or laser intensity have significant effects on the increase of the ODCs concentration. The ODCs can be effectively repaired using postoxygen plasma treatment and UV laser irradiation in an excessive oxygen environment. Results also demonstrated that the "gain" and "loss" of oxygen at the silica surface is a reversible and dynamic process.
Introduction
Silica optics operated in vacuum generally show a poor stability when they are exposed to high-power laser systems. Some common damage of the silica optics includes (a) thermal damage when operated using the fundamental harmonic (1 ) laser and (b) photoionization when operated using the third harmonic (3 ) laser. It is generally accepted that the silica optics can be safely performed below their damage thresholds. However, surface damage easily occurs when the optics are operated in vacuum, and their damage thresholds are even lower than those measured at an atmospheric condition. The phenomenon is correlated with oxygen deficiency and has been widely investigated to elucidate the damage mechanisms [1] [2] [3] [4] [5] [6] .
Some luminescent defects in the fused silica are well known, for example, the oxygen deficiency centers (ODCs), nonbridging oxygen hole centers (NBOHCs), the peroxy radicals (PORs), and the singlet oxygen transition associated with interstitial neutral molecular oxygen (O 2 ), with their emission bands at 2.7 eV (454 nm), 1.9 eV (650 nm), 2.2 eV, and 1.2 eV, respectively [4] [5] [6] [7] [8] [9] .
A few researchers [10, 11] experimentally observed degradation in performance of the silica optics and found the oxygen deficiency centers (ODCs) on the surface of the silica optics using photoluminescence (PL) analysis. However, they did not provide the explanation of the detailed formation mechanisms of the ODCs in the fused silica optics. So far, evolution of the ODCs on the surface of the fused silica irradiated by UV laser has been rarely reported.
To reduce the ODCs on the surface of the fused silica, high temperature annealing of the fused silica for several hours in oxygen atmosphere has generally been used [12, 13] . Ion beam etching has also been used to remove the surface layer rich in defects in order to restore the damage threshold of the fused silica [6] . As an important component for high-power laser systems, the fused silica requires a high quality surface finish; thus, the heat treatment method at high temperature is obviously not preferred. In this paper, two methods have been applied to decrease the concentration of ODCs: (1) plasma treatment with low temperature oxygen plasma and (2) irradiation using a pulse UV laser in a pure oxygen atmosphere.
Experimental
The experimental system is schematically shown in Figure 1 . Laser irradiation experiments were conducted using an Nd-YAG laser beam with a frequency of 355 nm. The full width at half maximum (FWHM) of the laser pulse was 7.5 ns, and the laser repetition rate was 10 Hz.
The fluence of the laser beam was adjusted by changing the distance from sample surface to lens. Experimental samples of the fused silica (Schott Company) had a diameter of 35 mm and a thickness of 5 mm. A laser beam was introduced into the chamber with a based vacuum of about 10 −3 Pa achieved using a turbo pump and a mechanical roughing pump. The surface damage was monitored in situ using a CCD camera mounted on the chamber window. During laser irradiation, the fluence, duration time, or laser dose was changed. Some samples preexposed with laser beam in vacuum chamber were reirradiated using pulsed UV laser atmospheric conditions to clarify evolution processes of the ODCs.
The point defects of the ODCs induced by the UV laser preirradiation in the fused silica were characterized by measuring the photoluminescence (PL) spectra using a fluorescent spectrometer (F900, Edinburgh Instruments Ltd.). The PL intensity is corresponding to the concentration of the ODCs. Spectra of the Si 2p, O 1s, and C 1s were obtained using X-ray photoelectron spectroscopy (XPS, ESCALAB 250 system). The X-ray source was a monochromatic Mg K beam with an energy of 1253.6 eV. The Si : O ratios on the surfaces of the silica optics under different irradiation conditions were obtained from analysis of the XPS spectra.
Two methods have been proposed in this study to repair preirradiated ODCs: (1) low temperature oxygen plasma treatment and (2) pulsed UV laser treatment. During plasma treatment, the chamber pressure was kept constant at 20 Pa and preformed using a Harrick plasma (PDC-001, 10W). UV laser treatment was conducted in atmospheric condition. Figure 2 shows the emission bands of typical PL spectra, which are centered at 2.7 eV (about 452 nm) excited using a laser wavelength of 292 nm. A peak centered at ∼452 nm is assigned to the ODCs. After irradiation using UV laser at the fluences of 2 J/cm 2 and 4 J/cm 2 with 30 pulses, the PL peak intensity of the ODCs was increased from 1.78 to 1.91 and 3.11 (×10 4 counts), respectively. The ODCs' concentration has been increased after pulsed UV laser irradiation in the vacuum [4, 5] . Moreover, the O : Si ratios on the surface of the fused silica obtained from the XPS analysis decreased after the laser irradiation. The O : Si ratio of the unirradiated (i.e., original fused silica sample) 2 J/cm 2 and 4 J/cm 2 irradiated samples with 30 laser pulses, obtained from XPS analysis, is 1.51, 1.34, and 1.32, respectively.
Results and Discussion

Effect of Laser Fluence.
After the specimens were long-term (>20 hrs) irradiated using a continuous wave (CW) laser with a wavelength of 355 nm and a power of 75 mW in vacuum, there is little increase of the PL peak intensity of the ODCs as shown in Figure 3 . Clearly, the CW-UV laser irradiation in vacuum has little effect on concentration of the ODCs on surface of the fused silica.
The ODCs and peroxy radicals (PORs) are the primary defects on the surface of the fused silica after laser irradiation. The Frenkel-type mechanism has been used to explain this effect using the following [14, 15] :
(PORs and O 2 ) .
(1) The generated interstitial O 2 gas may escape from the sample surface, resulting in oxygen vacancy and substoichiometric silica. Compared with laser irradiation in the atmospheric condition, the reactions (i.e., (1)) easily occur in vacuum. After the interstitial O 2 was escaped from the sample surface, a substoichiometric SiO 2 , that is, SiO x (0 < < 2), would form, which showed higher absorption levels and accounted for the continued degradation of the silica optics [4] . Figure 3 shows the effect of laser pulse number on the PL peak intensity of the ODCs. With the increase of pulse range from 1 to 1000, the PL intensity increased with the laser doses. However, the concentrations of the ODCs did not increase further when the number of laser pulses was above 1000. The O : Si ratio was obtained from the XPS data [4, 5] and the O : Si ratio decreases with increase of the laser irradiation doses. It shows that the formation rate of the ODCs (or the reaction shown in (1)) decreases, due to the increase of the generated defects and laser irradiation. Figure 4 shows the changes of the PL peaks after laser irradiation in vacuum (red shift) and after plasma treatment, respectively, compared with those of the original sample. Table 1 summarizes the results of reduction of the ODCs using the two methods. From Table 1 and Figure 4 , the PL intensity decreases after the plasma treatment, indicating that the concentration of the ODCs has been recovered. Clearly both the methods can be successfully used to repair the defects of the generation of ODCs. For high quality SiO thin films, a PL peak was reported to have red shifts with decreasing oxygen concentration [16] and/or increasing the annealing temperature [17] . Such a red shift was also observed in this study using the silica, when its surface was exposed to nondamaging UV laser fluences in a vacuum environment (as shown in Figures 2 and 4) . The close relationship between the luminescence signals and loss of oxygen on the surface of the silica can be evidenced from the observed back shift of the PL peak when the sample was illuminated by pulsed or CW-UV laser [18] in the presence of oxygen.
Effect of Laser Pulse Number.
Reduction of ODCs.
Above results showed that the "gain" and "loss" of oxygen elements on the silica surface is a reversible and dynamic process, which could reach a dynamic balance under a given laser irradiation condition. Oxygen plasma treatment and pulsed UV laser irradiation can decrease the ODCs and other defects to recover the performance of the fused silica. Using these methods, the lifetime of the fused silica optics used in high-power UV laser system can be prolonged when operated in an oxygen atmosphere.
Conclusion
For the fuse silica operated under the high-power lasers, creation of ODCs on their surface resulted from the UV laser irradiation, and this is more severe in a high vacuum. The laser fluence and/or laser intensity have significant effects on the increase of the ODCs concentration. The ODCs can be effectively repaired using postoxygen plasma treatment and UV laser irradiation in an excessive oxygen environment. Results also demonstrated that the "gain" and "loss" of oxygen at the silica surface is a reversible and dynamic process.
